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ABSTRACT A physical model for potassium transport in squid giant axon is pro-
posed. The model is designed to explain the empirical data given by the Hodgkin-
Huxley model and related experiments. It is assumed that K+ moves across the
axon membrane by single-file diffusion through narrow pores. In the model a pore has
three negatively charged sites that can be occupied alternatively by K+ or by a
gating particle, GP", coming from the external surface. GP++ is considered to be
part of the membrane rather than a diffusible component of the surrounding solu-
tions. A high activation barrier for GP++ is supposed at the inner membrane border
so that it cannot change over to the internal surface. Therefore potassium diffusion
can be blocked by GP++ penetrating into the pores. This mechanism controls the
dynamic behaviour of the model. The time-dependent probabilities of the pore states
are described by a system of differential equations. The rate constants in these equa-
tions depend on the ionic concentrations, the membrane voltage, and the electrostatic
interaction between ions in a single pore. Detailed computational tests for normal
composition of external and internal solutions show that the model agrees remarkably
well with the stationary and dynamic behaviour of the Hodgkin-Huxley model. How-
ever, the hyperpolarization delay is not reproduced. A structural modification, con-
cerning this delay and the way in which GP++ is attached to the membrane, is
proposed, and the qualitative behavior of the model at varied external and internal
concentrations is discussed.
INTRODUCTION
The electrical current during excitation of the squid giant axon is mainly carried by
sodium and potassium ions. In the Hodgkin-Huxley model (1) the potassium current is
described by
IK = gK(V - VK), (1)
where V is the membrane voltage (potential difference between inside and outside),
VK the potassium equilibrium voltage, and gK the (specific) potassium conductance.
Dr. Kohler's present address is: Lehrstuhl fiir Physikalische Chemie, Universitat Regensburg, D 84 Regens-
burg, W. Germany.
BIoPHYSICAL JOURNAL VOLUME 19 1977 125
gK can be written as
A 4gK =gKn, (2)
where ^K is the maximal value ofgK. n is described by a first order process
Tr(dn/dt) + n = h. (3)
Both the time constant r, and the stationary value h are functions of V only. These
functional dependences, formulated quantitatively by Hodgkin and Huxley, are shown
graphically in Fig. 1.
The Hodgkin-Huxley model is deduced from empirical data. The molecular
mechanism of the ionic conductivity changes is still unknown. In this paper a physical
model for the potassium conducting system is proposed that will perhaps contribute
to a better understanding of this mechanism. The model is based on the assumption
that diffusion within the membrane is restricted to single-file pores representing a
common diffusion path both for potassium and for gating ions. Single-file pores are
narrow channels in which particles jumping from site to site cannot overtake each
other. Hence potassium diffusion may be blocked by gating ions penetrating into the
pores.
The concept of single-file diffusion was first used by Hodgkin and Keynes (2) to
explain deviations from independence in the potassium currents of squid giant axon.
From tracer experiments they concluded that a potassium-conducting pore should
have an average of about 2.5 occupied sites, to meet the ratio of unidirectional fluxes
observed experimentally. Further evidence for single file pores has been found
since (3).
BASIC ASSUMPTIONS
The potassium transport system is characterized in detail by the following assumptions:
(a) Potassium transport takes place through single-file pores independent from each
other and with identical physical properties. (b) The pores have a marked affinity for
potassium and gating ions (GP++). Every pore contains three sites with a negative
unit charge fixed to each of them. Each site can be empty or occupied by either one
potassium or one gating ion. It follows that a pore can exist in 33 = 27 distinct
states. There is a fixed concentration of GP++ on the external surface. (c) The
transition of GP++ between pore and internal surface is prevented by a high activa-
tion barrier at the inner mouth of the pore.
Because of the last assumption, divalent GP++, coming from the external surface,
is increasingly forced into the pores and trapped within them at decreasing membrane
voltage. Thus more and more pores will be blocked and fail to contribute to the
diffusion of K+, in qualitative agreement with the Hodgkin-Huxley model (Fig. 1).
The model resulting from the assumptions a to c will be simply called "the pore model"
in the following.
In assumption a independent pores have been assumed. Cooperativity between
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FIGURE 1 Time constant T,, and stationary value n vs. membrane voltage V. VR, membrane rest-
ing voltage.
FIGURE 2 a. Longitudinal section of a pore, (a), external medium, (b), internal medium, Ax,
thickness ofaxon membrane, xI, x2, X3, position of sites, Xa, I, X1,2, x2,3, X3,b, position of bar-
riers. See text for further explanation. b. Simplified representation of a pore state.
channels is unlikely, since the distance between potassium channels is estimated to be
in the order of i03 A (4). Furthermore, computing cooperative models for the squid
potassium currents, Hill and Chen find that the time-course of K+ fluxes cannot be
due to cooperativity within and between channels (5, 6). In assumption b competition
between potassium and gating particles is assumed. As the potassium-conducting
pores have to be almost completely filled to be consistent with the ratio of unidirec-
tional fluxes found by Hodgkin and Keynes (2), this competition will be very distinct
and greatly influence the performance of the model. For instance, the action of the
external voltage V on the gating ions present in a pore is multiplied. For GP++
is driven by V, not only because of its own charge, but also because it is pressed in
(V < 0) or swept out of the pore (V > 0) by neighboring potassium ions, which, too,
are driven by the external voltage.' This "dragging effect" is a typical phenomenon
in filled single-file pores. A similar model with Ca++ as gating ion has been proposed
by Heckmann et al. for the steady-state sodium transport in frog skin epithelium (7).
Problems of single-file diffusion, in general, have been treated by Heckmann and by
Hill (e.g. 8-10).
It will be shown in the next section that the pore model obeys a system of differ-
ential equations of 27th order. This system describes the probabilities pi (i = state
number = 1 ... 27) to observe a pore in the ith state. The rate constants kij
I Fischer, K., K. Heckmann, W. Nonner, and W. Vollmerhaus. Current-voltage curves for porous mem-
branes in the presence of pore-blocking ions. II. Narrow pores containing no more than one vacancy. In
preparation.
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for transitions from a state i to a state i turn out to be the crucial parameters of the
model and are described under "Rate Constants." With reasonable assumptions about
the magnitude of the rate constants, the system of differential equations can be
lumped to a system of fifth order shown under "Simplified Model Equations." The
resulting expression for the current density IK is easily derived. "Simulations" con-
tains a comparison with the Hodgkin-Huxley model both under stationary and dy-
namic conditions. On the basis of these results the Discussion section will attempt
to give a preliminary answer to the question, whether the pore model, in principle,
is compatible with experiments at varied concentrations in external and internal solu-
tions.
MODEL EQUATIONS
In Fig. 2 the longitudinal section of a pore as well as the schematic representation
of a pore state are shown. The length of the pore is Ax = 100 A, the sites are
situated at x,, X2, X3, and the barriers at Xa1, x1,2, X2,3, X3,b, where X3b cannot be sur-
mounted by GP+'. The diameter of the pore is supposed to be a few A. V =
(kb - Oa is the membrane voltage, kb the potential of the internal and Oa of the ex-
ternal medium. Subscript "a" will be generally used for quantities in the external
medium or at the external surface, "b" for the internal medium. The occupation of
the three sites is denoted by the following symbols: * empty; o occupied by K+;
o occupied by GP++.
In Fig. 3 a number has been assigned to each of the 27 pore states, which are repre-
sented schematically at the top of the figure. The lower part of Fig. 3 shows the transi-
tion diagram. Here states are represented by points, possible transitions between
neighboring states by lines, any line representing transitions in both directions. For
example, it can be seen that state 9 changes into state 10 (or simply 9 - 10) if GP++
jumps to the central site, that 9 - 13 if K + enters from the external medium, and that
9 22 if another GP++ jumps in. Notice that a GP++ on site 3 cannot leave the
(b)
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X2. .0 * 0 * 00 * 0* 0* 0 0* 0 0 * 0 0 0 0
X1. . .0 * 0 0 0* 0 * 0 0 0 0 * 0 0 0 0 0
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FIGURE 3 Transitiondiagram. (- ) transition by GP++ ions entering or leaving a pore;
(-) other transitions.
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pore because of assumption c, so that there is no line connecting state 9 to state 1 in
the diagram.
Let pi denote the probability to observe a pore in the ith state. The increase per
unit time of pi is given by the difference of probability flows to and from state i.
Since the probability flows result from first-order reactions, we find (8)
Pi = dpi/dt = -Z kijpi + E kjipj i = 1,...,27, (4)
j*i j*i
where ki,j is the rate constant for transitions from a state i to a state j. It is equal to
zero when state i andj cannot be directly converted into each other, that is, when there
is no direct connection between these states in Fig. 3.
RATE CONSTANTS
The analytical treatment of the rate constants kij will be based on Eyring rate
theory (11, 12), the derivation of kl914 may serve as an example. Let us assume, for
the present, that the external voltage V is zero. As is seen from Fig. 3, transition
19 * 14 is brought about by K+ jumping from site I over the activation barrier at
Xa, I (Fig. 2) to the external medium. This transition is influenced by electrostatic
interaction of the jumping K + with the charges of the other sites and their occupying
ions. To give a quantitative description of this interaction, we first regard the the-
oretical case of an elongated pore, in which the short-range conditions are unchanged,
but where distances between surfaces, barriers, and sites are large enough to neglect
the electrostatic interaction in question. In this case, the rate constant for a transi-
tion of K+ from site 1 to the external medium is independent of the net charge of the
other pore sites. Denoting it by pK, we thus have
k1914 = P1a (5)
where pK is subscripted by "a" because a jump into the external medium is con-
sidered, and by "K" because K+ is the jumping particle. Shrinking the pore now to
its actual length and configuration gives rise to changes of the electrical potential of
the jumping particle. Let us denote the potential shifts at barrier and site by
lAe(xa,l) and by ke(xl). These shifts may be split into additive terms as follows:
1Ve(Xa,i) = ke(ZI,Z2,Z3;Xa,1) + 4kK(Xa,I),
)Pe(XI) = &e(ZI,Z2,Z3;Xl) + OK(XI). (6)
Here kk accounts for changes of the self-energy of the potassium ion, due to inter-
action of this ion with the surrounding solutions (13). 1e arises from bringing the
three sites with their respective net valences, z1, Z2, Z3, into the neighborhood of the
barrier at Xa,I and at the same time near to the solutions. ce, on the other hand, is due
to the approach of site 2 and site 3 to site 1, and, again, to the approach of all the
three of them to the surrounding solutions. For transition 19 -- 14 the net valences
are
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Zl = -1, Z2 = 1, Z3 = 0.
Using Eq. 6, Eq. 5 now must be replaced by k19,14 = pK*aexp(- (Qo/kT) IK(Xa,I) -
kK(XI)j) *exp(- (QolkT)f1ke(-1, 1, 0;xa, ) - J(1, 1,0;x01). For V s 0, there is
superposition of an additional potential 0(x). So, finally, we have
k,9,14 = rK * exp(-(Qo/kT)f4e(-1, 1, 0; Xa,i ) - ke(-1, 1, 0; Xl))
*exp(- (QO/kT)f{k(Xa,I) - 4(xO)), (8)
with
rK =pKrK = Pa *exp(-(Qo/kT)I4OK(xa,I) - 'OK(XI)}) (9)
Thus, in Eq. 8, interaction between thejumping particle and the surrounding solutions
is contained in rK. The second factor of Eq. 8 accounts for the charge distribution
inside the pore, and the third factor for the externally applied voltage. Due to the
high ionic strength of the surrounding solutions, the boundary conditions for Oe
and 0 may be approximated by e(zI, Z2, Z3;O) = 40(ZI,Z2, Z3; AX) = 0, O0M) = 0;
O(Ax) = V. Assuming that the membrane can be characterized by a relative dielec-
tric constant E, in the neighborhood of a pore, the method of electrostatic images
yields (14, 15)
3 x
e(ZI, Z2, Z3;xa,1) = (Qo/4 re°,) i£ E2i-I n-x-
Zil/ I Xa,J - (2nAx + xi) Z- i/ IXa,J - (2nAx - xi) (10a)
and
0e(Z I, Z2 Z3; Xl)= lim I0ke(Zi,Z2,Z3; x) - (Qo/4rtocr)Z,/z x -xl j} (lOb)
where fo is the absolute dielectric constant of free space. ¢(x) is of course a
linear function of x. In Fig. 4 the dependence of ke and 'ke on the net valences
is illustrated by an example. The value of the dielectric constant and the positions of
sites and barrier have been taken from the parameter set used for simulation sub-
sequently.
Expressions analogous to Eq. 8 are readily found for any transition, no matter
whether a particle is leaving the pore (as in Eq. 8), entering, or just changing site.
Examples for the latter two possibilities are given by the following equations
14,19 =y .exp(-(QolkT) J(- 1, , 0;xal)) * exp(-(Qo/kT) O(xal)), ( 1)
k6,5 = SK - exp(-(Qo/kT)fk(-1,-1, 0;xX,2) -1,e(l,- 0;x)J)
*exp(-Qo/kT)$1k(x12) - k(xM)})- (12)
zK and 5K are defined in the same sense as rK. We assume that 5K (and accordingly
SGP if GP'+ is the jumping ion) does not depend on the site numbers. x1,2 is
associated with the barrier between site 1 and 2. yK is supposed to be propor-
Ktional to the external potassium concentration, ca
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Assume now that GP++ jumps from site 1 to the external surface with the electrical
interaction inside the pore determined by either of the two potential profiles of Fig. 4.
Then the corresponding rate constants are k25,14 and k16,2 (see Fig. 3). Their
ratio is
k25,14/k,2 = exp(-(2Qo/kT)J0e(-l, 1,0;xa,) - ke(-1, -1,0;xa,)
0 -1I 0; XI ) + IhF1s-, 0; XI A)})
which would be unity if interaction had been excluded (e, = cx), whereas a ratio of
2.7 is calculated from the values in Fig. 4. This example shows that, in the model pre-
sented here, electrostatic interaction between charged particles within a pore must not
be neglected even if relatively high values of e, are assumed.
SIMPLIFIED MODEL EQUATIONS
The system of differential equations for the state probabilities (Eq. 4) is of 27th order,
so that a significant reduction in order would be very welcome. On account of hydra-
tion effects, it may be supposed that ions jumping out of a pore need much higher
activation than is necessary for transitions inside a pore. Therefore it may be assumed
that the probability of internal hopping from site to site is much higher, both for K+
and GP+', than the probability of hopping out of the pore. On the other hand, we
may assume that K+ is much more likely to jump out of the pore thanGP++. For, on
negatively charged sites, the coulombic energy of divalent GP++ is much lower than the
0. 1.
mV mV
100
X 1 Ax
K
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-10XX
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FIGURE 4 FIGURE 5
FIGURE 4 Electrical potential ke vs. x for two different choices of net valences, calculated from
Eq. IOa. Values of ~ at site 1 inserted as horizontal lines at x = xl (Eq. lOb). E, = 24, xl = 20 A,
X2 =50A,X3 =80A,Xail = 10A. ( ) z1 = -1,z2 = -1,z3 =0. (- z = -1, Z2 = 1,
Z3 = 0.
FIGURE 5 Transition diagram of the reduced system (Eq. 14).
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energy of monovalent K+. Finally if for a given particle the rate constants for
hopping out and into a pore are roughly in the same order of magnitude, two clearly
separated time domains can be distinguished: domain of slow processes GP++
entering or leaving a pore; domain of fast processes-other transitions.
The dynamic behavior of the system is determined by the slow processes, that is by
GP++ entering or leaving a pore. These transitions are marked in the diagram of
Fig. 3 by dashed lines, whereas the solid lines mark fast transitions. It follows that,
with respect to the slow processes, all states connected by solid lines, namely 1-8,
9-20, and 21-25, can be regarded as being in quasi-stationary relation. For example,
this means that the probabilities p, through P8 are linked algebraically to V.
Therefore, the dynamic behavior of these probabilities can be expressed by
pi(t) = liq1(t) i = 1...8, (13)
where q, = Z8 pi is the compound probability of states 1 through 8 and where the
coefficients 1i are functions of the rate constants of the fast processes, so that they
depend on V, but not explicitly on time.
Corresponding relations can be established for states 9 through 20 and 21 through
25. Thus, the dynamic behavior of the pore model as a whole can be described by the
compound probabilities q1 = ,8, lpi, q2 = E?09pi, q3 = ,2= 21 Pi, and the remain-
ing individual probabilities q4 = P26, q5 = P27. To establish the differential equations
for the qi, only transitions along the dashed lines in Fig. 3 need to be considered.
So, finally, Eq. 4 reduces to a fifth-order system of the form
d/dtK A (14)
[q5J L q5J
which, for convenience, has been written in vector notation.
The elements of matrix A contain the quasi-stationary coefficients 1i, which depend
on the rate constants of the fast processes, and the rate constants associated with
GP++ transitions between pore and external surface. The transition diagram asso-
ciated with Eq. 14 is shown in Fig. 5. Since there are no cycles, matrix A has non-
positive real eigenvalues. Therefore, under voltage clamp conditions, the time course
of the qi is strictly nonperiodic, as it should be to meet the nonperiodic character
of Eq. 3.
Our final interest is in the K+ current density IK. Only transitions among states
I to 8 can contribute appreciably to IK, because a pore is blocked by GP++ in all
other states (see Fig. 3). So we findIK = NQo{k4, p4 + k6,2p6 + k7,3p7 + k8,5P8 -
(k,,4p, + k2,6P2 + k3,7p3 + k5,8P5)j, where N is the number of pores per unit sur-
face. Substituting Eq. 13, we obtain
IK = q1[NQ0fk4,114 + k6,216 + k7,317 + k8,518
- (k1,411 + k2,612 + k3,7l3 + k5,815)j]- (15)
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Denoting the expression in square brackets by IK, this simplifies to
IK = qlIK. (16)
Since q1 is a probability, we have 0 < q1 < 1. q1 depends dynamically on V, because
it is a solution of Eq. 14; IK, on the contrary, is an algebraic function of V. The
expression for IK given by Hodgkin and Huxley happens to have the same basic
structure. From Eqs. 1 and 2 we find
IK = n4gK(V - VK), (17)
where gK and VK are constants, and n = n(V, 1) with 0 < n < 1. Thus, agreement
between the pore model and the Hodgkin-Huxley model requires
1 4qI = n
=K gK(V - VK).-
(18)
(19)
We call IK the normalized K+ current density and q, the permeability factor.
To fulfill Eqs. 18 and 19, the free parameters, contained in the rate constants (raK
etc.) and the positions of barriers and sites (Xa,j, xi, etc.), have to be fixed appro-
priately.
SIMULATIONS
The stationary and dynamic features of the pore model and the Hodgkin-Huxley
model are compared under voltage clamp conditions. All calculations presented in
this section have been made with the following set of parameters:
T= 279°K;
N=O1O0cm-2;
Ax = 100 A;
,= 24;
Positions:
Xa., = 1OA;
x= 20A;
x2= 50A;
X3= 80A;
X3,b = 1o A;
Factors in rate constants:
K K -ra = rb = 3.38.105s
ra= 6.26s ;
ly = 3.38. 105's';
ly = 8.04 106S l;
=yGP 21.3S ;
temperature
number of pores per unit surface
thickness of membrane
relative dielectric constant
barrier between pore and external medium/surface
first site
second site
third site
barrier between pore and internal medium
associated with K+ jumping from pore to external/internal
medium
associated with Ga++ jumping from pore to external surface
associated with K + jumping from external medium to pore
associated with K + jumping from internal medium to pore
associated with Ga++ jumping from external surface to pore.
The precise meanings of r,K,, rb, raGPsIaYKI ' ?"GP follow from Eqs. 6 through 12 and
from their obvious generalization. s K, s GP, X1,2, etc., do not enter explicitly into cal-
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FIGURE 6 Stationary values q and n4 vs. V in (a) linear and (b) semilogarithmic coordinates.
culations, due to the assumption of quasi-steady states. Therefore, no values have been
given to these quantities. Note that the parameter values given above agree with the
conditions for quasi-steady states assumed in the preceding section ('y, 'YK, rK, rK >>
ra IaP). The ratio a b is identical to the ratio of external and internal potassium
concentration.
With the set of parameter values given above, the rate constants kij, the coefficients
/i (Eq. 13), and matrix A can be computed in successive steps. Then q1 and IK are
found by the numerical solution of Eqs. 14 and 15.
Stationary Permeability Factor
Let stationary values be marked by horizontal bars. We should have (Eq. 18) q, =n
Fig. 6 shows that satisfying results are obtained.
Linearity ofInstantaneous Currents
If changes in the membrane voltage occur rapidly enough to leave q, practically un-
changed, IK is proportional to IK (Eq. 16). Eq. 19 requires IK = gK (V - VK).
This is approximately fulfilled, as can be seen from Fig. 7. It is evident from Eq. 15
that the linearity of instantaneous currents is not an intrinsic structural quality of the
pore model (cf. 11). This is an advantage rather than a deficiency with regard to appli-
cations of the pore model to nonphysiological conditions or to other nerve fibers than
the squid axon, since most fibers exhibit nonlinear instantaneous currents.
Time-course ofthe Permeability Factor
We regard the transient of ql, given by Eq. 14, for voltage steps applied at t = 0. Let
the voltage be VO for t < 0 and V for t > 0. The time course of q, and n, then, is de-
noted by q,,,(V, VO) and n,(V, VO). Eq. 18 demands that q1,,(V, VO) = nt(V, V0).
As can be seen from Figs. 8 and 9, this identity is basically fulfilled.
Hyperpolarization Delay
After strong initial hyperpolarization, a considerable delay in the increase of potassium
permeability is observed experimentally, which is not incorporated in the Hodgkin-
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FIGURE 8 Time-course of q1 and n4, depolarizing voltage steps. VO = -65 mV; Vincreases from
atof ( ) q1 (t) = qI11(V, VO); (---- )n4(t) = n(V, V0). See text for further explanation.
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FIGURE 9 Time-courses of q1 and n4, repolarizing voltage steps. VO = 40 mV; V decreasing from
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FIGURE 10 Time-course ofq1 and n4 at depolarization from VO = -200 mV to V = 40 mV.
( )q1,1(V, VO);(- )n (V, V0).
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FIGURE 11 Superposition of permeability curves by displacement along the time axis. V0 (in
millivolts) is given at the starting point of the respective curve; V = 40 mV (for all curves).
Huxley model (1, 16). Fig. 10 shows that q, and n4 have nearly identical time-courses,
when depolarization to 40 mV is regarded after strong initial hyperpolarization.
Hence, the pore model does not produce the hyperpolarization delay either. It can be
shown that this failure is of structural origin and cannot be removed by different values
of the free parameters.
Superposition
"Superposition" of potassium currents (16) follows immediately from the Hodgkin-
Huxley model since n obeys a first-order differential equation (Eq. 3). However, by
solving equation 14 for ql, a fourth-order differential equation is found.
Therefore, in the pore model, superposition is not guaranteed a priori. Yet simulat-
ing the measurements of Cole and Moore (16) shows that superposition is well estab-
lished (Fig. 11). It is surprising that this is true for all values of the free parameters for
which tentative computations have been made. Superposition was never perfect, but
deviations were not larger than in the original data.
DISCUSSION
In the preceding section it has been shown that the pore model is in good agreement
with the Hodgkin-Huxley model, giving satisfactory results for the stationary perme-
ability factor, the linearity of instantaneous currents, the dynamic behavior at voltage
clamp, and the superposition of potassium currents. The mean number of K + in a
potassium-conducting pore is found to be somewhere between 2.2 and 2.3 for -100
mV < V < 40 mV. This should approximately correspond to the ratio of unidirec-
tional fluxes found by Hodgkin and Keynes (cf. Introduction and ref. 17). The model
fails, however, to produce hyperpolarization delay.
In the model the gating particles are assumed to exist as two-dimensional gas on the
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membrane surface. The concentration has to be high enough to provide the pores with
blocking agents fast enough, even in the case of fast repolarization. The demand for a
high concentration of gating particles might be regarded as a shortcoming of the
model, for it requires an even higher number of specific surface receptors or surface
carriers. This could be avoided by binding the gating particles more closely to the
potassium channels. Consider, for instance, pores with negatively charged lateral
niches at a distance of about 10 A from the external surface. Assume that the gating
particles withdraw into the niches under more positive voltages and enter from there
into the pore when negative voltages are applied. The dynamic and steady-state be-
havior of such a pore-niche model will differ from the pore model, so that new calcula-
tions are necessary. In such a model, however, hyperpolarization delay can be accom-
plished by a mechanism proposed by Hill and Chen (18). They assume negative
charges within the membrane that close the pore by cooperative displacement under
hyperpolarization conditions. In our case the charges of the niches might be subject to
such a cooperative movement, bringing them quite close to the external surface, so that
the niches are deprived of their affinity for the positively charged gating particles.
Therefore, at subsequent depolarization, the gating ions have to stay in blocking posi-
tion within the pore until the negative charges, jumping back into the niches, have re-
stored normal affinity for the gating ions.
Let us return to the pore model in its present form. As mentioned before, conduct-
ing pores are nearly filled with potassium ions. So, at V << 0, the probability of
finding site 1 of a conducting pore empty is about inversely proportional to the ex-
ternal potassium concentration and so is, hence, the rate of GP++ penetration. This
means, at sufficiently negative voltages, that T,, increases roughly proportional to the
external potassium concentration. Such marked increases of Tr with increasing potas-
sium concentration in fact occur in experiments in which the inactivation of potassium
currents, brought about by long-lasting depolarization, is avoided by sufficiently nega-
tive holding voltages (19-21).
Hille (22) and Armstrong (3) give detailed accounts of the voltage-dependent block
and rectification caused by monovalent ions in the internal solution. They suggest that
the inner section of a potassium pore is not very selective, so that other cations than
K +, entering from inside, can jump to the last site and block the pore. Voltage de-
pendence is attributed to two mechanisms. Firstly, the ions may be able to penetrate
more or less far into the pore, and, secondly, they are subject to the highly voltage-
dependent dragging effect, mentioned under Basic Assumptions, by which they are
swept into or cleared of the pore. Evidently, these mechanisms fit very well into the
pore model. Simulation of the inactivation phenomena, observed by Armstrong (3, 4)
with TEA+ or other quarternary ammonium ions in the internal solution, will provide
another possibility for testing the model under steady-state and dynamic conditions.
Nothing precise can be said at the moment about the chemical nature of the gating
ion. Possibly the role of GP++ is played by calcium ions coming from the external solu-
tion and not from the external membrane surface. This possibility does not affect the
mathematical form of the pore model; from the physiological point of view, however,
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little is known to confirm or to refute such a calcium plug mechanism. Most experi-
ments concerning the effect of calcium on the potassium currents of squid axon were
done with inactivated potassium pores (23, 24), which differ substantially from normal
potassium channels both in stationary and dynamic respect. Therefore, to get a clearer
picture of the action of both Ca++ and K + on the potassium conductance of squid
axon, detailed experiments in low and high external K + and with varying concentra-
tion of external Ca++ are proposed at negative holding voltages.
Throughout this paper, it was assumed that a pore had three sites. Decreasing the
number of sites leads to unsatisfying results. To test the effect of additional sites, cal-
culations with four sites per pore have been carried out. 81 pore states must then be
considered. The results, however, apart from better agreement in the hyperpolariza-
tion range of Fig. 6, are practically the same as with three sites per pore. Finally, it
should be mentioned that the pore model is rather insensitive to the charge of the gat-
ing particle. What matters is a high amount of positive charge accumulating near the
internal surface of a closed pore. So GP++ might be replaced by GP+ if the number of
sites is increased at the same time. Computationally, a lower number of sites is, of
course, preferable.
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